Expanding the use of smart braced frames to govern the seismic response of structures by providing ductility and elasticity has been hampered and delayed by cost indexes. The braces in frames comprise two segments of expensive shape memory alloys (SMAs) and highstrength steel with high stiffness. These smart materials can reduce seismic damage by providing stiffness, yielding, and phase shifting. In this study, the length of the SMA segments in three-and six-story frames (applied either at all floors or as part of a dual system) was increased to determine the optimal length at a constant period. Performance levels and fragility curves were obtained to evaluate the seismic behavior of the optimized frame. The response modification factor determined based on the static pushover, incremental nonlinear dynamic analysis, and linear dynamic analysis suggests the ductility and overstrength of the optimized frame. The probability of being in or exceeding each damage state was determined with a Monte Carlo analysis and was acceptable and in accordance with previous deterministic analysis results.
Introduction
The aspiration of a design must always be balanced by safety and cost. Increased observations, new inventions, and a progressive shift in design philosophy have tended to challenge the creativity and approach of engineers. Earlier seismic designs, for example, were determined only by the ductility and energy dissipation of the beam-column connections of the moment-resisting frames, which gradually enhanced the stiffness of the steel braced frames to preclude massive sections and decrease displacements. However, the introduction of performancebased seismic design approaches, which determine failures through residual roof and interstory drifts, necessitates significantly more ductility in nonlinear regions and stiffness in linear regions of the design compared to conventional design. Buckling-restrained brace (BRB) frames that are used to respond to these requirements can provide stiffness by restraining buckling. However, the accumulation of displacements owing to large ground motions and inappropriate eccentricity may still result in destruction.
Remarkable breakthroughs in material engineering and the emergence of shape memory alloys (SMAs) with promising material characteristics such as super-elasticity, high damping capacity, high fatigue and corrosion resistance, and less maintenance allow for the possibility of alternative load-resisting systems [1] . An SMA can provide stiffness in linear regions and ductility and energy dissipation in nonlinear regions by exhibiting two macroscopic behaviors through a flag-shaped stress-strain hysteresis diagram: super-elasticity (SE) and a shape memory effect (SME).
A phase transformation alternating between two crystalline structures makes these characteristics possible. One crystalline structure, austenite, is a symmetric stable cubic structure, which occurs at high temperature and low stress; the other crystalline structure, martensite, is a less ordered structure, which is stable at low temperature and high stress. The transformations between these structures may be activated by stress, tension, temperature, electrical and magnetic fields, or even light [2] .
Super-elasticity eliminates severe strain during cyclic loading. In this regard, the material exposed to a load above the austenite finish temperature shifts from fullaustenite (A) to de-twinned martensite (B). This deformation reverts upon unloading (A). SME is a property which can recover residual plastic deformation upon heating. While the ambient temperature is less than the austenite start temperature after loading and unloading, the re-maining de-twinned martensite returns to its original state (austenite) after heating through loss of strain [3] .
The ability of an element to recover its shape without any additional load owing to its SE properties paves a path for cost-efficient passive control systems to mitigate residual drifts, which impose geometric nonlinearity and unwelcome moments for the stability. The flag-shaped stressstrain relationship also dissipates large amounts of energy during cyclic hysteresis loading through the SME. As a result, new applications have been found in fields such as medicine [4] , aerospace, mechanical engineering, and structural engineering.
Following the Memory Alloys for New Seismic Isolation DEvices (MANSIDE) project [5] , the functionality of SMA for seismic control was demonstrated by Dolce [6] . Subsequent researchers including DesRoches investigated the effects of changing parameters such as the intensity, loading amount, and geometry of SMA equipment [7] . SMA has been used in dampers [8] [9] [10] , springs, smart connections [11] [12] [13] [14] , isolations, and concrete reinforcement bars [15, 16] . McCormick et al. compared SMA frames to conventional steel frames using an analytical model [17] , and then assessed a micro-scale sample using a shaking table [18] . Smaller residual interstory drifts were established in comparison with the BRB frame [19, 20] , and a dual system was introduced consisting of both BRB and SMA braces in the height [21] . Cost-effective hybrid dampers consisting of lower amounts of SMA were proposed [22] , while another study proposed a damper utilizing not only SMA, but also BRB components at one brace element [23] . Some studies have calculated the overstrength and response modification factor for frames enhanced by smart braces [24] [25] [26] .
Despite the introduction of new SMAs and manufacturing developments [27, 28] , there are still challenges with the manufacturing and weaker performance of many SMAs. Thus, the expensive nickel-titanium (NiTi) is one of the most commonly used SMA materials [2] . Bruno and Valente performed a cost-induced study by considering direct (structural and non-structural) and indirect (health and injury) effects, which was one of the pioneering projects comparing conventional systems with SMA [29] . The selfcentering property for mitigating drifts has made costeffective passive control more acquirable by reducing financial loss and minimizing human risk.
Inasmuch as the whole brace cannot utilize the costly SMA while the size of civil engineering structures is large owing to surrounding forces [30] , engineers equip one segment of the brace with an SMA welded to a high-strength steel comprising the rest of the brace, and thus the strains will only be observed in the SMA portion. However, ques-tions persist about what the optimized length should be, and how any change in that length may affect the structural behavior.
To this end, SMA segments in three-and six-story concentrically braced frames with a constant stiffness at the braces were varied and analyzed using the Open System for Earthquake Engineering System (OpenSEES) [31] . The results were compared in Matlab based on the maximum interstory and residual roof drifts along with the construction costs. Dual bracing systems containing SMA braces at the lower floors and steel braces at the upper stories were also assessed, which presented the number of stories minus one, optimized frames.
Then, performance of the three-story optimized frame was broadly assessed when subjected to 40 ground motions. Response modification factors were then suggested through an incremental dynamic analysis (IDA) of 22 far field records. The fragility curve for each damage state of the optimized frame, along with the probability of being in or exceeding each damage state, were estimated with a Monte Carlo probabilistic analysis.
This time-wise method was found to be effective in reducing the seismic response and limiting the structural cost, as a large number of frames were generated and compared with the obtained optimum one. The probabilistic and deterministic results combined with the performance level showed that a small amount of SMA can improve the seismic response. Optimum dual-braced frames in this regard were found to be suitable representatives of the lateral load system.
Analytical model
Three-and six-story concentrically braced frames proposed by McCormick and derived from the investigation conducted by Sabelli on broadening the assessment of braced frames complementary to a FEMA/SAC project [32] in Los Angeles, USA were used in this assessment for consistency. The structural designs were governed by the 1994 Uniform Building Code and 1997 National Earthquake Hazard Reduction Program; Recommended Provisions for Seismic Regulations for New Buildings and Other Structures. The lateral load resistance of the structures has been provided with the traditional chevron braced bays along the perimeter. There are eight bays of bracing, four in each direction, placed in non-adjacent bays for both buildings. Further details concerning the building design are provided in these previous studies [17, 33, 34] . The frames have a span 9.144 m (30 ft) in width, and the height of each story is 3.962 m (13 ft), excluding the first floor of the six-story frame, which has a height of 5.486 m (18 ft). The base connections are rigid. The periods of the three-and six-story frames are 0.46 and 0.74 s, respectively. A plan view of buildings, braced bay dimensions, and the member sizes of the steel braced frames are presented in Figure 1 and Figure 2 .
Because the whole structure is symmetric, only one braced bay is modeled in two dimensions. As the braces are the only systems resisting the lateral load, the masses in each floor are derived by dividing the total mass of each floor by the number of braces for each horizontal direction. A typical Rayleigh damping of 5% for the frames and the P-delta effect are also considered in the analysis.
The sections were input in OpenSEES using the fibersection command. Except for the roof, all beam-column connections are rigid. The Steel01 bilinear command described the steel behavior in the beams and columns, while the steel in the braces was input with a uniaxial hysteric command describing the strength and stiffness degradation along with the pinching behavior.
The smart frames have the same beams and columns as the steel frames, and only the braces are replaced. For rational comparison, both the steel and smart frames have the same natural period, and the material at both braces should yield at the same strength.
The whole brace in the smart frame is not fabricated from SMA; rather, a rigid segment connected to the specific length of SMA is used to construct the brace (see Figure 3 ). This rigid segment causes all the deformation to occur in the SMA portion. In a constant-period section of SMA, segments with different lengths are equal to the stiffness of the brace multiplied by the length of the SMA segment and divided by the modulus of elasticity of the SMA.
The SMA was implemented with the self-centering command in OpenSEES. Five integral points were considered for each element defined by the nonlinear beam column command. Segments of the braces were connected with zero-length elements having high stiffness at the SMA-steel connections. Material properties adopted for numerical simulations are presented in Table 1 .
Optimizing smart frames
As the advantages of SMA-braced frames over conventional steel frames have previously been established, determining the optimum length of the SMA segments based on the roof and interstory drifts while limiting the construction cost is necessary. To this end, the SMA length of each brace is increased sequentially to create a series of frames, each of which can be analyzed to determine the optimal configuration.
In this type of an analysis, time is essential, particularly for a high-rise structure. If each of the runs requires a unit of time, T, then for an M-story frame with N divisions of the brace, the whole run will require a time equal to N^M×T. Finish  200000  27579  250  345  345  414  550  390  200 On the other hand, as the need for SMA lies in the lower stories of the frames, frames with varying lengths of SMA in the first floor and the lowest possible length of SMA in the upper stories are first analyzed to determine the optimum length of SMA for the first floor. Then, once the optimal length for the SMA segments in the first floor braces is established, the length of SMA in the second floor will be changed to determine the optimum length for that floor. This procedure is then repeated for the other stories until optimum SMA segment lengths have been determined for the braces in all floors. This method can reduce the total required analysis time to M×N×T. For example, in a three-story frame with 16 divisions for each brace, the total time required to complete the analysis is 0.117 times that required with the previous method, while for a six-story frame, the total time required is 0.0000057 times that required previously.
Meta-heuristic methods with the ability to escape from local extrema could also be utilized; the predefined path, as it is limited on the first floor, is not only immune to becoming trapped in local extrema, but it is also timeefficient. Although extremely time-efficient, there could be a non-analyzed frame which has a better result than all the analyzed combinations. Therefore, a series of frames with different divisions for each brace were produced to verify the result.
Cost analysis of the steel-SMA structure
The SMA used in the design can reduce the seismic response. It would nonetheless increase the structural cost. Thus, this increase in the cost of the optimum frame should be compared with the cost of conventional steel frame or frames with a smaller amount of SMA. Therefore, a series of frames has been introduced and analyzed to evaluate the effectiveness of the method in response reduction as well as to portray the relation between response reduction and cost.
Cost assessments of possible candidates were performed for the whole structure by considering the steel and SMA costs, while neglecting other costs such as fabrication and erection. SMA and steel costs can be calculated eas-ily based on the information provided by the suppliers of these materials [36, 37] . For steel, multiplying the steel cost per unit weight by the weight of steel in the building was used to evaluate the cost.
In this calculation, C steel is the steel cost; i is the number of members; C si is cost per unit weight, which ranged from 1.7 to 2.2 USD/kg depending on the sections [38]; and W i is the weight, which is equal to ρ i l i a i , where ρ i is the steel density (equal to 7.85 g/cm 3 ), l i is the length, and a i is the section area of the elements. SMA bars with symmetrical behavior under tension and compression are commonly assumed to be trapped in a buckle-resistant hollow tube [25] with diameters ranging from 12 mm to 30 mm [17] ; members with similar section areas have very similar cost.
In this calculation, C SMA is the SMA cost; Csm is the cost per unit volume, which is equal to 5150 USD/m 3 [39] ; j is the number of SMA elements; and V j is volume, which is equal to l j a j , where l j is the length, and a j is the section area of the SMA elements.
Seismic behavior of the optimized frames

Performance-based analysis
Performance-based criteria include imposed damage and remaining occupancy and can be obtained from either force or deformation control approaches. Joint rotation, residual and maximum drift of elements with respect to the seismic design level, lateral load resistance systems, and the height of the structure are common deformation control approaches proposed in the relevant guidelines. The Hazus [40] recommendations for low-and mid-rise steel brace frames are presented in Table 2 . 
Response modification factor
Traditional simple linear analyses, although reducing the analysis time and cost, may significantly increase the base shear responses. Excluding the energy dissipation of nonlinear regions leads to this elevated response. The force reduction or response modification factor considers the overstrength and ductility to relate the nonlinear response to the linear response. Response modification factors for the optimized frames were calculated using the proposed ATC-19 procedure [41] . Thus, the response modification factor is a combination of the overstrength factor (R O = Vy V d ), ductility factor (Rµ = V d Vy ), and redundancy factor (Rr); the redundancy factor is equal to one owing to the existence of parallel frames. In Figure 4 , V d is the design base shear, Ve is the maximum seismic demand for elastic response, and Vy is the base shear corresponding to the maximum inelastic displacement.
Possibility of destruction
While a deterministic analysis can effectively determine structural behaviors, the random essence of the solution space inhibits the principle of exactly defining decisive variables such as the strength, member section area, and ambient loading. In fact, mathematically engaging the uncertainty associated with the variables in the solution method is a decent step toward estimating the reliability of the structure. As a result, the lower the reliability of the structure is, the more the chance of failure will increase. A probabilistic analysis using a Monte Carlo method considering the mean and standard deviations of variables produces and analyzes random samples to determine the average response.
To this end, after establishing the mean and standard deviation for the elements representing the frame, a series of frames are produced and analyzed using the IDA. The peak ground acceleration scaling factors corresponding to each damage state for each sample can then be obtained. Finally, the probability of damage for each record and performance level can be determined from the extent of overlapping in the lognormal diagram of the Peak Ground Acceleration (PGA) scaling factors and the seismic loads.
Results and Discussion
Optimized smart frame
In the analysis procedure, the parametric code in OpenSEES used two for-loops. The lower ran the analysis using the time history of the 1994 Rinaldi receiving station Northridge ground motion (LA16) for varying lengths of the SMA segments in the selected story. The results were transferred as a text file to the Matlab software. The M-file in Matlab determined the optimum length of the braces for that floor considering the interstory and roof drifts. The number indicating the optimum length was written in another text file that was used to generate the analysis of the upper floors. Data transfer between the two programs stopped when the last loop finished the uppermost brace, and the optimized braced frame was output.
Three-story frames with varying SMA lengths in the braces of the first floor, ranging from 1 to 64 portions of the entire 64 divisions of the brace, exhibit nearly the same residual interstory drift (less than 0.8 mm). However, when 12 SMA portions are subjected to the LA16 seismic record, the maximum interstory drift is decreased to 57.7 mm (1.457% of the story height) (see Figure 5 ), while utilizing more SMA than that would only serve to increase the price with no impact on the result.
Initially, the upper floors previously included only one SMA element in the 64 divisions of the brace; utilizing 5 SMA elements in the second floor segment and 6 in the roof comprise the optimum combination. This combination eventually reduces the maximum interstory drift to 43.1 mm (1.087% of the story height).
Meanwhile, to verify this procedure and consider possible alternatives, a large number of frames were produced and subjected to the time history of the LA16 seismic record. Because the optimum frame has braces including up to 12 SMA portions of the entire 64 divisions in the segment, 8000 frames comprising SMA segments of 1 to 20 portions of the entire 64 divisions were introduced. The interstory drift of the frames with varying length of the SMA segments used in the frame is shown in Figure 6 (a). The previously defined optimum frame is also shown here to be a suitable representative for decreasing drifts. The construction cost of the three-story steel and SMA structures of these frames is also shown in Figure 6(b) . In a constant period, the SMA volume used in the frame is related to the square of the length. Thus, in this objective optimization of the interstory drifts, the optimum frame may not be a cost-effective example in the solution space.
Dual-braced frame behavior
To examine another possible brace ordering, with SMA braces in the lower floors and steel braces at the upper floors of the frame, all of the above procedures were followed. However, in this case, at the upper stories, instead of braces with the lowest segments, conventional steel braces are used and will be replaced with SMA braces at the end of each inner loop. Therefore, the source code includes both steel and SMA braces. At the end of each inner loop, based on the optimal length calculated in Matlab, the optimized brace is analyzed with the time history analysis in the next loop before varying the length of the SMA at the upper floor. The number of optimized dual-braced frames were equal to the number of stories minus one.
Using six elements in the SMA segment of the braces in the first floor, along with steel braces at the upper floors, produced the optimum result. The other optimum frame among the 64 frames analyzed also involved six elements in the first floor, with four elements in the second story, and steel braces at the roof floor. The maximum interstory drifts for all the three-story optimized frames and the conventional steel frame subjected to the Palos Verdes simulated ground motion (LA40) are compared in the bar chart shown in Figure 7 . The maximum interstory drift of the frames decreased from 4.26 of the story height for the conventional steel frame to 2.79, 2.2, and 0.8, respectively, of the story height for the optimized frames. Figure 7 shows the demands for column rotation with respect to the story. The frame with SMA at all floors experienced the lowest maximum interstory drift and a negligible residual drift.
The maximum interstory drift for all six-story optimized frames and the conventional steel frame has been compared in the bar chart shown in Figure 9 . Optimized frames with one to six stories of SMA braces recorded maximum interstory drift values of 4.05, 2.98, 3.25, 2.71, 1.8 and 0.58 of the story height, respectively. The demand for column rotation with respect to the story, presented in Fig-Figure 7 : Maximum interstory drift of three-story frames regarding the number of stories equipped with SMA braces. ure 10, was smaller for the dual-braced frames that had more stories equipped with SMA. Based on Figure 8 and Figure 10 , the ability of SMA to reduce the maximum interstory drift is evident. Local buckling at the lower floors of three-and six-story steel frames resulted in severe rotation of the columns and strain in the braces. The resulting bending trigger higher mode responses and generate large interstory drifts, posing safety concerns. On the other hand, frames with SMA braces at all floors enhance the super-elasticity and increase in stiffness after SMA yields, and thus exhibited uniform deformation through the height and negligible residual drifts.
Dual-braced frames utilizing SMA segments at the lower floors shift the maximum interstory drift to the steel braces at the upper floors. However, a three-story frame with just one SMA floor and a six-story frame with two SMA floors satisfy the safety requirements by producing a 25% reduction in the interstory drift compared to the conventional steel frame (see Figure 7 and Figure 9 ).
Performance level of the three-story optimized frame
With the three-story optimized frame previously introduced, for a rigorous assessment, 40 records taken from the FEMA/SAC project [43] were used, corresponding to a hazard level of 2 and a 10% probability of exceedances in 50 y. The performance level of the frame with respect to the interstory drift is presented in Figure 11 (a). The smart braced frame subjected to records with 10% and 2% probabilities of exceedance, by allowing the SMA segments to bear 5.61% and 10.16% of the strain along with 1.18% and 2.267% of the maximum interstory drifts, respectively, exhibited very few instances with an extensive damage state. The maximum elongation of SMA segments corresponding to each record are also presented in Figure 11 (b).
Response modification factor and fragility curve of the optimized frame
As previously defined, the response modification factor depends on the overstrength, ductility, and redundancy factor. Accordingly, V d is the design base shear and Vs is the base shear representing the formation of the first plastic hinge when the frame was subjected to a static pushover analysis proportional to the predominant mode shape. Vy is the base shear corresponding to the maximum interstory drift of the extensive damage state performance level (0.03 of the story height) calculated through IDA of 22 far field records [44] in both vertical directions. Figure 12 (a) shows the maximum roof drift and base shear in the IDA results for three records (Hector Mine, Loma Prieta, and Chi-Chi), along with the pushover corresponding to the first mode. The initial stiffness up to the first plastic hinge for all records and the pushover analyses are the same, while after yielding of the SMA segments in the lateral load resistance system, the base shear tends to increase in the IDA results. This stiffness resurgence may be deduced from Figure 12 (b) that shows the maximum interstory drift and scaling factors for 22 records in the xdirection.
The maximum linear base shear, Ve, is then obtained from a linear time history analysis considering the maximum scaling factor of the IDA step. The base shear values for four records are listed in Table 3 . The Ve and Vy results are different for the 22 records, implying that the response modification factor is record-dependent. The average response modification for the 22 records is 14.76. Fragility curves for the three-story smart frame considering the interstory drift with 22 records are shown in Figure 13 In this lognormal diagram, the slight damage state may be reached when the average peak ground acceleration of the record exceeds 0.27 times the acceleration of gravity (g). The average peak acceleration threshold for the moderate and extensive damage states are 0.47 and 1.43 g, respectively.
Probability of exceeding damage states for the three-story optimized frame
To examine the seismic behavior of the three-story frame in a probabilistic environment, after determining the mean and standard deviations of variables such as the section area of the members and yield strain of the steel and SMA, numerous series for the frame with lognormal distributions were produced in Matlab. Then, distinctive frames formed from these series were analyzed in OpenSEES with IDA using the time history of the 1989 Gilroy Loma Prieta (LA12) and simulated Elysian Park (LA36) ground motions containing 70 steps with intervals of 0.1g. Eventually, by determining the peak ground acceleration scaling factors at the threshold of each damage state for each series, the mean and standard deviations of the scaling factors for those damage states could be calculated. Although 1000 sample frames were produced, the mean and standard deviation were converged using fewer samples. The mean and standard deviation of the seismic records, scaling factor of the PGA at the threshold of the damage states and probability of meeting or exceeding the damage states are shown in Figure 14 and Table 4 . The means and standard deviations of the seismic records are equal to the PGA corresponding to each record (9.509 m/s2 for LA12 and 10.793 m/s2 for LA36) and IDA steps interval (1 m/s2), respectively.
According to Figure 14 , the probability of being in or exceeding the slight or moderate damage states for both records is greater than 99% (see Table 4 ). Exceeding the extensive damage state, however, is least probable for the LA12 record at 1%, while the LA36 record, through apparent overlapping with the extensive damage response, has a 55% chance to reach this damage state. These results agree with the deterministic analysis results in Figure 11 showing the interstory drifts and damage states.
The probability of being in or exceeding the extensive damage state for all three-story optimized frames subjected to the LA12 seismic record are shown in Figure 15 . The frame with SMA braces on all floors was able to sustain a greater load intensity (18.49 m/s 2 ) before reaching the extensive damage state in comparison with the dualbraced frames (11.33 m/s 2 and 15.38 m/s 2 ). Uniform deformation through the height and the super-elasticity of the SMA used in all floors made the performance of this frame more reliable, as was predicted by prior deterministic analysis results.
Conclusions
Special properties of SMAs such as super-elasticity and a high damping capacity, along with its significant disadvantage of high material cost, were assessed in low-and midrise concentrically braced frames. Smart braced frames and dual-braced frames were optimized by considering the amount of SMA in the braces of each floor and were subjected to both deterministic and probabilistic analyses.
Although the optimum length of the SMA segments is record-dependent, longer segments are often needed in the lower floors of both three-and six-story frames. Despite compensating for the cost by accepting greater drifts with dual bracing, the difference in the interstory drift between stories equipped with SMA braces and those with steel braces were perceptible.
Frames with SMA braces at all floors subjected to two ground motion series exhibited a reliable performance level owing to uniform deformation along the height. One series of 20 records with a 10% probability and 20 records with a 2% probability of exceedance in 50 y resulted in 5.61% and 10.16% of the strain being endured at the SMA segments, and did not reach the extensive damage state except for in a few cases. In another series comprising 22 records, a peak ground acceleration of greater than 1.43 g could induce the extensive damage state.
Stiffness resurgence of the SMA after the initial yielding enhances the base shear in the IDA compared to the pushover analysis. This property and the super-elasticity significantly increase the response modification factor of the optimized frame to 14.67.
A Monte Carlo analysis estimating the probability of being in or exceeding each damage state indicates that the slight and moderate damage states are inevitable, while the extensive damage state was only reached for a record with a 2% probability of exceedance in 50 y.
Funding This research received no external funding.
